ABSTRACT OBJECTIVE: To characterize the nucleus, cutting edge and to detect defects in surfaces of nickeltitanium (NiTi) instruments for endodontic retreatment. METHODS: The selected endodontic instruments (D-RaCe, ProTaper retreatment and Mtwo retreatment) were evaluated prior to their use in 30-and 50-fold magnification in scanning electron microscopy (SEM), for linear measurements of lateral cut edge areas and of the nucleus and the ratio between these measures. After use in simulated canals, faults in the active surface were analyzed by SEM with 30 and 50 times magnification, and 200 times magnification when faults were found. The images were examined by three evaluators, whose measurements were previously calibrated. The defects analyzed were crack, blunt and barb, and data were tabulated for analysis. RESULTS: The instruments studied differed in results. The D-RaCe system instruments had the highest nucleus:edge ratio, while ProTaper retreatment instruments yielded the lowest ratio. All instruments presented some defect, with the instruments Mtwo retreatment presenting two instruments with defects. CONCLUSION: All analyzed instruments presented some type of failure after using them for removal of the filling material of simulated root canals. The D-RaCe system presented the highest edge measurements and the smallest nucleus measurements, contrary to the ProTaper retreatment system, which presented the smallest edge measurements and the largest core measurements.
Characterization of the nucleus, cutting edge and failure detection in NiTi instruments for endodontic retreatment 
INTRODUCTION
Endodontic retreatment represents a therapeutic procedure indicated when the failure of the initial endodontic treatment is verified, identified by the presence of developing apical periodontitis. Failures in endodontic therapeutic planning, root canal preparation, root canal filling and tooth restoration should be avoided, since they negatively impact on and result in doubtful prognosis [1] .
The nickel-titanium (NiTi) alloys of endodontic instruments have allowed advances in treatment and retreatment [2] . The surface of these instruments manufactured with NiTi alloys may influence the fracture of the endodontic instrument [3, 4] . The properties of these alloys and their behaviors within curved root canals have been the subject of discussion since their introduction into endodontics [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Knowledge of the geometric characteristics and implications in the mechanical behavior of the instruments is essential to the professional. The results of endodontic procedures depend on the characteristics of the instruments used and on the professional's ability [17] . Two fracture characteristics of endodontic instruments have been reported [17] , including rotational bending and torsional fracture. The first occurs when the instrument is used in a curved root canal, and it affects the contraction of the instrument in the internal area of its curvature and affects the traction in the external area. This deformation causes alternating tensions of traction and contraction to subject the material to cumulative microstructural changes that promote the appearance and increase of cracks, which leads to fracture when it is submitted to its resistance limit. A large diameter of the instrument at the point of maximum stress concentration reduces the number of cycles to a fatigue fracture [17] [18] [19] . Another way of fracture is torsion. This occurs when the tip of the instrument is attached to the wall of the root canal and a rotational force is applied to the instrument, exceeding the limit of resistance to fracture by torsion of the instrument. Among several factors that can influence the resistance are the conicity, the design of the instrument and the diameter of the nucleus. The maximum angle in torsion or rotation is smaller than the large diameter of the instrument [17, 20] .
Different studies have evaluated the effectiveness of various rotatory instruments, especially in the removal of the root filling material [21] [22] [23] [24] [25] [26] . However, there is a need to characterize the instrument structure and possible failure detection after retreatment. The dimension of the edge can be related to the dimension of the nucleus and can thus directly influence the factors associated with the occurrence of instrument fractures, such as the amount of metal alloy and, consequently, the flexibility of the instrument. The relationship between the cutting edge and the nucleus of the rotary endodontic instruments for retreatment, available on the market, should be better understood. This study characterized the nucleus, the lateral cutting edge and surface defects of nickel-titanium endodontic instruments for retreatment.
MATERIAL AND METHODS

Preparation of the sample for analysis in scanning electron microscopy
Instruments with a D0 diameter of 0.25 mm and a length of 25 mm were used. Three instruments from each NiTi system for root canal retreatment were studied: D-RaCe ® (FKG Dentaire, La Chaux de Fonds, Switzl); ProTaper retreatment ® (Dentsply Maillefer, Ballaigues, Switzerland); Mtwo retreatment ® (VDW, Munich, Germany).
The samples were analyzed in the Laboratory of Scanning Electron Microscopy of the Faculty of Physics of Federal University of Goiás (LabMic), after being fixed in stubs of the instruments, primarily for analysis of side A (characterized by the convex face of the securing rod in the contra-angle) and later side B (characterized by the flat face of the securing rod in the contra-angle) [27] . Images were obtained in scanning electron microscopy (SEM Leo Stereoscan 420i, Leica Electron Optics, Cambridge Instruments, Cambridge, United Kingdom) with a magnification of 50 times.
Measurements
The images obtained by the SEM were transferred to the AxioVision (Carl Zeiss Microscopy GmbH, Jena, Germany) software to perform the measurements of the nucleus and lateral cut edge of each instrument in its apical portion.
-Linear measurement of the nucleus -measurement expressed in micrometers (μm) of the distance between the lines delimiting the nucleus, at the same point where the upper and lower cut side edge was measured linearly. -Nucleus area -measure expressed in square micrometers (μm 2 ) of the space between the same meeting points for a measurement of the upper and lower cut side edge (Figure 1 ). -Linear measurement of the cutting edge -measure expressed in micrometers (μm) from the distance between the line delimiting the core and the outermost point of the lateral cutting edge. The region of the edge considered for analysis is represented by the point of meeting between the lateral edge of cut to be measured and the helical canal. -Cut side edge area -measurement expressed in square micrometers (μm 2 ) of the space between the line delimiting the nucleus and a line that delimits the outermost surface of the edge (Figure 2) . After the linear and area measurements, the ratio between the edge measurement and the core measurement of each instrument was calculated.
Analysis for failure detection
Subsequent to taking measurements, pre-preparation of the simulated acrylic canals was performed. These simulated canals were prepared with rotating NiTi instruments (BioRace ® -FKG Dentaire, La Chaux de Fonds, Switzerland) following the manufacturer's indications with conventional irrigation. The canals were filled with AH Plus ® cement (Dentsply, Ballaigues, Switzerland) by lateral condensation technique. The same preparation and obturation protocol was followed for all simulated acrylic canals.
Each instrument of each analyzed group was used to unseal and prepare three simulated canals, following the guidelines of each manufacturer. After the instrumentation, the endodontic instruments were analyzed for the presence of active surface defects in the SEM image (Jeol, JSM -6610, equipped with EDS, Thermo Scientific NSS Spectral Imaging) with secondary electron detector, voltage of 10 Kv, working distance (WD) of 10 mm, and diameter of the beam 40 (LabMic). To determine instrument surface defects, the active part was divided into eight parts of 2 mm each (D0-D16) nominated as a-h: a (D0-D2); b (D2-D4); c (D4-D6); d (D6-D8); e (D8-D10); f (D10-D12); g (D12-D14); h (D14-D16).
A total of 144 SEM images were acquired in 50X magnification for the identification of failures in endodontic instruments. In cases of doubt, magnifications of 200X were obtained for better visualization and detailing of failures. For each instrument (n=9), considering both sides A and B (eight parts, two sides) 16 images were obtained.
Among the criteria for analysis of the instrument surfaces, the following was taken into account: absence (A) -absence of failures; crack (C) -open surface or internal discontinuity, originating from localized stresses, whose values exceed the material breaking limit; barb (B) -sharpening tip forming acute angle, sharp piercing protrusion of cutting part; blunting (BB) -loss of cutting part (folding of a blade) [27] .
The images were examined by three endodontists calibrated in 10% of the samples among the established criteria for the failures of the endodontic instruments, which identified the following defects: "C", "B" and "BB" in each analyzed image (Figure 3) . In cases of more than one defect for each image, these were named as previously described. The data analysis was descriptive regarding the average of the areas, the linear measurements and the detection of failures in the endodontic instruments. Table 1 . Means of the areas and linear measurements on sides A and B, in the regions referring to the edge and the nucleus of the most apical portion of the instruments tested. Table 2 . Crack, barb and blunt defects found in the different instruments after use.
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+ presence of defect; -absence of defect.
RESULTS
The characterization of the nucleus and cutting edge (mean of the areas and linear measurements on the A and B sides and the edge/nucleus ratio) of the analyzed instruments are described in Table 1 . The D-RaCe instruments presented the largest edge measurements and the smallest nucleus, followed by the Mtwo and ProTaper instruments, respectively. SEM analyses revealed C, B and BB defects as observed in Figure 3 . All groups presented some type of defect, and the distribution of defects per group is expressed in Table 2 .
DISCUSSION
In the endodontic retreatment instruments tested, no visible manufacturing defects were observed in SEM images. After the preparation of the simulated canals, it was identified that all the instruments presented some type of defect after use. The edge:nucleus ratio was 0.33922 for the D-RaCe instruments, whereas the Mtwo retreatment instruments had a ratio of 0.22638 and the ProTaper retreatment ratio was 0.18260. After the measurements, each specimen was used three times, in a total of 27 simulated canals. After analysis of the failures in the SEM images, the three types of flaws were observed. Cracks (C) occurred in an instrument of group 1 (D-RaCe). The barb defects (B) occurred in one specimen of group 2 (ProTaper retreatment) and one of group 3 (Mtwo retreatment). The blunt type (BB) failure occurred in two instruments, both of group 3 (Mtwo retreatment), and in one of them there was also the presence of barb (B). Measurements of the instrument structures were performed from the SEM images, and the AxioVision software was used to obtain linear and area measurements according to previous studies [16, 26] .
The results found in the present study suggest that the D-RaCe instruments presented greater flexibility and resistance to cyclic fatigue due to its greater edge and smaller nucleus [28, 29] . The larger nucleus area in the ProTaper retreatment instrument resulted in less flexibility, but it exhibited greater resistance to fracture by torsion. These results may influence the selection of endodontic instrument to be used.
The mechanical behavior of the instrument can be influenced by its morphometric structural characteristics, such as the conicity, the design of the instrument and the diameter of the nucleus. The diameter of the instrument influences its resistance to fracture, since the larger the diameter of the instrument at the maximum point of stress concentration, the fewer the number of cycles until fatigue fracture [17] [18] [19] . In addition, the maximum angle in torsion or rotation of the instrument is smaller for instruments with larger diameter. The ProTaper retreatment instrument had the largest nucleus diameter measured [17, 19] .
Other studies [30] [31] [32] analyzed the presence of defects after use of nickel-titanium instruments and observed faults involving spiral deformation, deterioration of the angle of cut, cracks and fractures, which increased with prolonged use. The microcracks that were observed as a consequence of these superficial defects propagate and form cracks, and subsequently the metal rupture [3, 28] . In the present study, all instruments presented some type of failure that can contribute to the rupture of the endodontic instrument.
The use of simulated acrylic canals allowed a controlled environment and standardization of the canals regarding the caliber, curvature and resistance of the material to be excised, but it is a limitation of this study. Future studies using human teeth, in the presence of root filling material and with a larger sample size, should be performed to better understand which instruments are reliable for use in root canal retreatment.
CONCLUSION
All instruments analyzed had some type of failure after use in simulated root canal retreatment procedures. The D-RaCe system showed the greatest edge measurements and the smaller nucleus measures, contrary to the ProTaper retreatment system, which showed lower edge measurements and larger nucleus measurements.
